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Abstract 
PURPOSE: The aim of this study was to optimize the seat for the skipper of a 2.4mR, a Paralympic sailing boat (single-hander). 
Primarily, the seat was designed for a man with diastrophic dysplasia, a disorder of cartilage and bone development. This 39 year 
old man has a short stature with very short arms and legs and joint deformities which restrict movement. The skipper’s main tasks 
are handling the rudder and the mainsheet using small ropes with his hands and pedals with his feet. He is sitting on a seat attached 
to the floor of the boat, while his body is positioned facing the bow of the boat. The combination of movements of the boat and 
tasks during sailing resulted in a constantly changing instability of the body. This might declare some of the injuries (pain in hips, 
knees and shoulders) that were called. The design goal for the seat was to find an optimum in body stability and range of motion 
during sailing.  
METHODS:  An analysis of the possible movements in the frontal and sagittal plane of the skipper in the boat was made using a 
mock-up. A movement analysis of sailing was made in three boat conditions: 1. Boat heeling 32° (sailing close hauled), bodyweight 
as much windward as possible in the hull; 2. No boat heeling (reaching), bodyweight in front of the seat; 3. No boat heeling 
(reaching), bodyweight at the back of the seat. A biomechanical analysis was made in order to estimate the forces on the body in 
the three boat conditions where the boat heeling and the position of the bodyweight of the sailor are varied. An iterative design 
process was followed which resulted in different prototypes and finally in a new seat.  
RESULTS: The main requirement on the seat is that it should prevent sliding on the seat in the frontal plane, especially in condition 
1. Then, a friction coefficient of 0,63 is needed. Three prototypes have been build and tested. The final design consists of an 
aluminium seat with three sloping surfaces and a backrest that stabilizes the body. The seat can slide 19 cm forwards and backwards. 
CONCLUSION: The third prototype has been tested in the lab and on the water. Freedom of movement and stability were 
enhanced. The prototype is further developed and applied for different Paralympic sailors and sailboats. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Sailing the 2.4mR, a Paralympic class sailing boat (single-hander) is very strenuous for the body. Sailors of the Dutch Paralympic 
sailing team experienced several injuries in the past years. One of the sailors of the team is a 39 year old man with diastrophic 
dysplasia, a disorder of cartilage and bone development. This man has a short stature with very short arms and legs and joint 
deformities which restrict movement. Facing the bow of the boat, his main tasks are handling the rudder and the main sheet with 
his hands, shown in figure 1. He described his injuries as “overall pain in the joints, mainly lower spine, hips, knees and shoulders”. 
The sailor and coach assumed the pain was caused by insufficient stability provided by the standard seat of the boat. This seat 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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(including backrest) is attached to the bottom of the boat. It cannot compensate for any movements of the boat e.g. by counter 
movements or cushioning. While reaching (no boat heeling), for optimal boat stability, and thus performance, the sailor wants to 
be able to position his body more to the bow (front) or the stern (back), depending on the circumstances.  
Using the standard seat, moving to the bow of the boat is only possible when contact with the backrest is lost. For the stability 
of the boat during sailing close hauled (maximum boat heeling), the sailor wants to position his bodyweight to the windward side 
of the boat. The combination of a seat at an angle with a slippery surface likely results in side slipping of the sailor to the lower 
side of the boat while sailing close hauled. To prevent slipping away, the sailor uses his whole body (hands, arms, shoulders, knees) 
to find support, which restricts the handling tasks, costs valuable energy, causes highly tensed muscles and might be the cause of 
the injuries. The design goal for this project was to find an optimum in body stability and range of motion during sailing.  
 
 
2. Methods 
Optimizing the standard seat and backrest was done by biomechanically analysing the movements and support of the body 
during sailing. An analysis of the possible movements (range of motion) of the skipper and the boat was made using a mock-up of 
the boat’s cockpit in the frontal and sagittal plane. A movement analysis of sailing was made in three boat conditions depending 
on the boat orientation (heeling) and the position of the body in the boat in the frontal and the sagittal plane (table 1). 
 
Table 1. The three test conditions, depending on boat orientation and body position. 
Condition Boat orientation Body position frontal plane Body position sagittal plane 
1 Heeling 32° (sailing close 
hauled) 
As much windward as 
possible in the cockpit 
back of the seat, leaning on 
the backrest 
2 No boat heeling (reaching) middle of the seat front of the seat, no support of 
the backrest 
3 No boat heeling (reaching) middle of the seat back of the seat, leaning on 
the backrest 
 
The boat can change position depending on the wind direction and course. Test condition 1 can occur with the portside of the 
boat windward (A) or starboard side of the boat windward (B). Figure 2 shows the main points of body support in condition 1 for 
situation A and B. In both situations, the knee on the lowest or ‘leeward’ side of the boat is put on the hull of the boat, the 
‘windward’ shoulder and one hand on the frame of the deck. For the body, this condition is the most demanding, it can take 
approximately 15 minutes until the boat (and therefore the body) changes position. When the course of the boat is approximately 
the same as the wind direction, the boat has to zig-zag (tacking). Situation A and B follow up each other constantly. 
 
Figure 1. The 2.4mR under sail (left) and a view in the cockpit (right). 
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Figure 2. View of the cockpit during sailing close hauled, seen in two planes: transversal plane, seen from above (A1: port side of the boat windward, B1: 
starboard side of the boat windward) and in the frontal plane of the boat (A2: port side of the boat windward, B2: starboard side of the boat windward). The red 
bullets mark the main points of body support.  
2.1. Seat and backrest 
In an optimal situation, no other body support than the seat would be necessary, the body can easily and quickly change position 
during tacking and has a maximum range of motion in all situations. The range of motion of the body is not restricted by the need 
of giving ‘extra’ support. Using the standard seat, the only way to achieve that, is to develop a seat surface that prevents slipping 
away due to the very high frictional resistance. The boat angle at which the body begins to slide is the angle of repose. The friction 
coefficient (f) is defined as the ratio of the frictional force (Fw) and the normal force (Fn), as shown in figure 3. In this situation, 
the needed friction coefficient is calculated for an angle of repose (maximum boat heeling angle) of 32°. A friction coefficient (f) 
of more than 0,63 between seat and clothes of the sailor is needed to prevent sliding (fig.3). This friction coefficient is fairly high, 
resulting in uncomfortable seating and a restriction of quickly changing body position during tacking and/or sliding.  
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Goal was to minimize the slipping away. In the designing process, the idea was to shape the seat in a way that for each boat 
heeling angle, the seat would provide a straight surface for the body. The shape of the hull and deck gave restrictions for the 
possible shape of the seat. The maximum height of the seat is 71 mm. The maximum replacement in the sagittal plane is only 190 
mm. 
 
Figure 3 When the body is only supported by the seat, a friction coefficient 
of 0,63 is needed to prevent slipping away. 
A1 B1 
A2 B2 
Transversal plane (seen from above) 
Frontal plane (seen from the back) 
Port side of the boat windward Starboard side of the boat windward 
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3. Design results 
Three concept designs (fig 4) were developed, made and tested in the mock-up of the boat. Concept 1 is a fixed, triangular 
shaped seat with a simple backrest. Only the backrest angle is adjustable, no translation is possible. Adjustments have to be made 
on the hinge, so at the back of the sailor. Concept 2 has a rounded seat, which glides on a rail. The backrest is attached to the seat. 
The backrest angle can be adjusted using small ropes. Concept 3 has a seat which rotates in the frontal plane. The backrest angle 
can be adjusted by the support bar at the back. Test criteria were comfort, adjustability (height and back-forward), stability in 
condition 1 (sailing close hauled, bodyweight as much windward as possible in the hull), condition 2 (bodyweight in front of the 
seat) and condition 3 (bodyweight at the back of the seat). The sailor filled in a questionnaire after testing the concepts. The test 
showed concept 1 to be the most promising. After optimizing some parts, such as the angle of the backrest and the height of the 
seat, a prototype (fig. 5 and 6) was made based on concept 1. 
 
Figure 4. The three concepts. 
Aluminum was used to produce the prototype. The surface of seat and backrest were padded with water resistant foam. The 
shape of the seat was triangular to support the body in three boat heeling angles. The seat and backrest could slide on a rail which 
was attached to the hull. This way, the sailor could slide himself forward and backward on the rail with seat and backrest during 
sailing, with only one hand needed to unlock the pin. The backrest angle had to be chosen in advance of the sailing trip, because of 
the placement of a special part to accomplish the right angle.  
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3.1. Body support and position in the boat 
Figure 7 shows the body in the frontal plane, sitting on a mock-up of the boat’s cockpit, seen from behind. Situation A shows 
the standard seat. The sailor needs both hands and his right knee to prevent sliding to the lower side. In situation B and C the sailor 
sits on the prototype. The body is straight and does not slip sideways. In situation C and intersection of the boat’s hull was held in 
front of the mock-up, to imitate the body position in the cockpit. The sailor still needs a supporting hand for balance. After testing 
this prototype not only in the mock-up of the boat, but also in the real boat, the sailor and coach were very enthusiastic about the 
seat. Less injuries were reported. Sailing was much more comfortable.  
After several months of training and racing, which was the perfect test for the prototype, the seat was brought back to the 
Centre of Expertise of Human Kinetic Technology in The Hague for the next round in the designing process. 
3.2. Iterative design; optimizing the first prototype 
The prototype was evaluated after 6 months of use during training and races. Besides the many positive points, some parts 
needed improvement. These were: 
x The weight of the seat needs to be reduced. Material, design? 
x The height of the seat needs to be reduced. Design of the rail? 
x Sharp edges need to be padded or removed. 
Figure 6. The prototype in solid works. 
Figure 5. The prototype assembled and placed in the boat. 
Figure 7. Testing the prototype on the mock up, imitating sailing close hauled, 32 degrees boat heeling. Situation A sitting on the 
standard seat, situation B sitting on the prototype. In situation C, an intersection of the hull was placed on the mock-up of the boat, to 
imitate the sitting position in the hull. 
C 
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x Locking and unlocking the pin for back- and forward replacement is too heavy. Needs to be easier in each position. 
x Space in the backrest construction needs to be reduced. 
x Attachment to the boat needs to be easier and stronger. 
Also the coach had plans to produce several of these seats. Some additional design criteria were: 
x Use mostly standard parts which can be ordered. 
x Provide information about production techniques for those parts that cannot be ordered. 
 
Again, three concept designs were created and evaluated. This resulted in a final prototype which is still in use (figure 8). The 
final prototype is made of aluminium and carbon (backrest), weights 40% lighter than the first prototype (2,85 kg). Using special 
ball bearings in the rail, the seat height is reduced to 31 mm, which is also a reduction of 40% in weight. Sharp edges were removed. 
The locking-pin was replaced by a better one (ordering part). Adjusting the position of the seat became very easy, also during 
sailing. The backrest construction was made smaller, so the seat can be placed further to the back of the cockpit. Attaching the seat 
to the boat was done through a better fitting of the bottom plate of the seat to the shape of the hull. 
 
 
4. Conclusions 
The design goal for this project was to find an optimum in body stability and range of motion during sailing. An iterative design 
process, based on biomechanical movement analysis, resulted in two generations of prototypes which have been tested both in on 
a mock-up of the boat and during training and races. Body stability improved, shown by reduced need of other body parts for 
giving support. Freedom of movement improved because side slipping was prevented by the seat. This increased the possibility for 
the sailor to put his bodyweight as windward as possible while sailing close hauled (maximum boat heeling). Besides that, the 
sailor has another possibility which helps influencing optimal boat stability; he is able to replace his bodyweight for- and backwards 
while still using the backrest. This, and the reduced need for arms, legs and shoulders to prevent slipping away, could explain the 
decreased call for injuries. The seat is further developed and applied for different Paralympic sailors and sailboats, for example the 
Skud 18. 
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Figure 8. The final prototype. 
